Summary: Purpose. The goals of this study were to determine if there were significant differences between singers and nonsingers in the morphology of vocal nodules and the associated impact on vocal function. Method. Participants were 10 professionally trained singers with nodules, eight nonsingers with nodules, and 10 individuals with healthy normal voice (controls). Surface electromyography (sEMG) from three anterior neck locations and acoustic rise times for vowels /a/ and /i/ were measured in all the participants. In individuals with nodules, dB SPL/cm H 2 O, glottal airflow, and nodule location and size were also measured.
INTRODUCTION
A frequently occurring cause of hoarseness is vocal fold nodules. 1 Vocal fold nodules are benign lesions, clinically defined as small protuberances located between the anterior and middle third of the vocal fold. [2] [3] [4] They are described as being gray, white, or pearl in color and bilateral, 2, 3 and can impede complete closure of the glottis leading to breathy voice production. 1 Although nodules occur in a variety of occupations, they are commonly found in singers (operationally defined here as individuals with professional training in singing). 5 There has been some question as to whether nodules in singers and nonsingers have a common etiology and/or presentation. 6 Previous studies have compared singers and nonsingers with nodules with respect to nodule size and location, and acoustic and aerodynamic measures. Peppard et al 6 rated vocal fold mass on an equal-appearing interval scale from 1 to 6, finding that 10 nonsingers had significantly larger nodules than 10 singers. In a retrospective qualitative review of 312 professional voice users (eg, singers, teachers, and actors) reporting with voice defects, Sedlá cková (1961) 7 reported a trend toward differences in size, shape, and location of the nodules seen in singers and nonsingers. 7 Specifically, Sedlá cková observed that singers' nodules tend to be small, pale/white, and located at the anterior third of the of the vocal fold, whereas nodules in nonsingers tend to be larger, sitting on a larger base, having a gel-like appearance, and located further posterior. However, no study has confirmed these observations with scientific study.
When compared with nonsingers, singers are much more attuned to their voices, and thus they are more likely to seek treatment in the early stages of formation, when the nodules are relatively small. Further, singers are trained to adapt to day-to-day changes in their vocal mechanism to produce their best voice, making them likely to use differing compensatory mechanisms than nonsingers. These confounding behavioral factors make it potentially difficult to elucidate possible anatomical differences between nodules in singers versus nonsingers.
One possible difference between singers and nonsingers is the role of vocal hyperfunction in both nodule formation and the resulting compensation. Vocal hyperfunction refers to ''conditions of abuse and/or misuse of the vocal mechanism due to excessive and/or 'imbalanced' muscular forces,'' 8 characterized by excessive laryngeal and paralaryngeal tension, 2, [9] [10] [11] [12] and commonly accompanies voice disorders. For many years, the development of most benign lesions on the vocal fold surface has been assumed to be related to hyperfunctional behavior or phonotrauma. 13 For instance, in 1962, Godfrey Arnold wrote, ''vocal nodules and polyps represent a local tissue reaction to the mental strain imposed by inappropriate emotional adjustment to the demands made by society.'' 14 However, much is still unknown about the underlying mechanisms of vocal hyperfunction and its role in developing organic disorders. 13 Given the extensive vocal demands of singers, it is possible that vocal hyperfunction plays a smaller role, and that nodule formation is more typically caused by greater vocal use.
The objective measures of airflow and vocal efficiency have been examined in singers and nonsingers. Peppard et al 6 found that singers with nodules performed similarly to nonsingers without nodules on a selection of acoustic and aerodynamic measures, and even outperformed these individuals on maximum performance tasks such as maximum phonation time and maximum frequency range. The glottal airflow magnitude (referred to simply as airflow and typically reported in units of L/s) represents the magnitude of airflow through the glottis during vocal fold oscillation. Airflow values have been reported for both singers and nonsingers with nodules and healthy normal voice. 6 Results indicated that mean airflow values did not differ between singers with nodules and those without, but that nonsingers with nodules had significantly greater airflow values than nonsingers with healthy normal voice. Airflow values for all the participants were found to be significantly correlated (R 2 ¼ 0.20) with subjective ratings of nodule mass viewed during endoscopy; however, correlations were not calculated within singer and nonsinger categories, leaving the question as to whether airflow values are more or less indicative of nodule size in the two populations.
Vocal efficiency is the ratio of acoustic power to aerodynamic power, calculated as the ratio of vocal intensity to the product of the airflow and subglottal pressure. Jiang et al 15 reported significant differences in the vocal efficiency measures of individuals with nodules and individuals with healthy normal voice at various vocal intensities. However, no comments were made regarding the singing training of these individuals, nor were measures of nodule size indicated. In an unpublished Master's thesis, Fulton 16 explored the vocal characteristics of 10 vocally normal females who were trained singers relative to 10 vocally normal females who were nonsingers, finding no significant differences between the vocal efficiency measures of the two groups when producing vowels at typical pitch and loudness levels. It is unclear, however, if this lack of difference in healthy normal speakers is relevant in a population of individuals with nodules. Further, measures of vocal efficiency have not been shown to be reliable indicators of vocal dysfunction in individuals with nodules. 8 Hillman et al noted that the sensitivity of this ratio to indicate vocal dysfunction was compromised by elevated levels of both transglottal pressure and airflow, leading to vocal efficiencies in the normal range.
Some possible objective indicators of vocal hyperfunction include the aero-acoustic measure of dB SPL/cm H 2 O, acoustic rise times, and anterior neck surface electromyography (sEMG). Subglottal pressure is the driving force behind vocalization, and abnormally high values of subglottal pressure can indicate inefficient valving of the glottal airstream. However, given the inherent relationship between subglottal pressure and sound pressure level (SPL), 17 using raw estimates of subglottal pressure is unlikely to be specific to vocal hyperfunction. Here, we chose to investigate the ratio of SPL to subglottal pressure, often represented in units of dB SPL/cm H 2 O. This measure attempts to normalize the subglottal pressure used by the produced SPL, and is associated with the level of effort necessary to achieve phonation.
A common perceptual correlate of vocal hyperfunction is hard glottal attack, which is a method of vowel initiation perceptually ''characterized by rapid and complete adduction of the vocal folds before the initiation of phonation.'' 1 (p78) A retrospective study by Morrison et al found that 65% of patients with hyperfunction presented with hard glottal attack. 18 Further, comparison of the frequency of hard glottal attack in vocal disorders thought to be related to vocal hyperfunction found higher frequencies of hard glottal attack in all the groups with voice disorder when compared with a control group of individuals with healthy normal voice. 19 Although clinical practice continues to rely on broad auditory perception to characterize glottal attack, more objective methods do exist (see Ref. 20 for review). Peters et al 21 calculated the rise time of the acoustic signals of vowel production and found a correlation of À0.69 with auditory perceptual ratings of voice onset abruptness, indicating the usefulness of vowel rise time as an objective measure of glottal attack.
sEMG has been studied in attempts to objectively quantify neck muscle tension. Redenbaugh and Reich 22 measured mean neck sEMG of seven individuals with healthy normal voice and seven ''hyperfunctional'' individuals, finding that the individuals with disordered voice had significantly greater mean normalized neck sEMG during phonation than individuals with healthy normal voice. The sEMG signal corresponded with a single electrode position, centered over the thyrohyoid membrane, a recording position likely to sample electrical activity from the sternohyoid and possibly cricothyroid muscles during production of vowels and a reading passage. The disordered population in their study was varied, consisting of seven individuals with very different clinical presentation, history, and even sex (five women, two men), and the data collection method was relatively rudimentary. The sEMG signals were amplified, filtered, and integrated (2-second interval) in real time, with the integrated values displayed onscreen only and recorded by hand. Moreover, their study did not comment on the past singing training of participants, which could have significant effects on the use of the extrinsic musculature for speech. For instance, in a study of four professional, classically trained singers (baritones) and four nonsingers producing the vowel /a/ at seven frequency points between 90 and 350 Hz, qualitative differences between frequency and laryngeal height were found. 23 In this prior study, nonsingers tended to increase laryngeal height with increases in fundamental frequency, whereas singers tended to keep their larynges below their resting heights for all the fundamental frequencies. Although this study may largely account for technical differences through classical training in respect to laryngeal position, it is possible that singers use their extrinsic laryngeal musculature in very different ways than nonsingers to attempt to compensate for their vocal pathology.
The purpose of the present study was to determine if there are significant differences in phonatory function between singers and nonsingers with vocal nodules. Particular attention was paid to the possible role of vocal hyperfunction by collecting measures of airflow, dB SPL/cm H 2 O, normalized nodule size and location, acoustic vowel rise times, and anterior neck sEMG measures. 
METHOD
, and opera (N ¼ 1). Individuals recruited with healthy normal voice were volunteers with no voice-related complaints and were screened for abnormal pathology of the larynx using trans-oral or trans-nasal endoscopy with stroboscopy. Although two of these 10 individuals sang for pleasure, none were professionally trained. Participants with nodules were diagnosed based on comprehensive voice evaluation procedures that included endoscopic, acoustic, aerodynamic, and perceptual assessment by a team composed of a laryngologist and one or more certified speech-language pathologists, and images of their vocal folds were collected via standard trans-oral endoscopy with stroboscopy.
Recording procedure
Recordings consisted of a brief vocal assessment of each participant including three trials of the vowels /a/ and /i/, read speech (The Rainbow Passage, 24 six read CAPE-V sentences 25 ), and spontaneous running speech. Spontaneous speech was elicited by questions from the investigator or a speech-language pathologist, asking the participant to describe their voice issues (if relevant), or describe what they did the previous weekend (or similar). After completion of these speech tasks, maximal voluntary contraction (MVC) maneuvers were performed. These consisted of asking the participants to perform neck contraction against manual resistance for the purpose of normalizing sEMG data (see Data analysis). Each participant provided two to three maximum contractions, each lasting 2-3 seconds.
Simultaneous anterior neck sEMG and acoustic signals from a lavalier microphone (Sennheiser MKE2-P-K, Wedemark, Germany) were recorded digitally with Delsys (Delsys, Boston, MA) hardware (Bagnoli Desktop System; Delsys) and software (EMGworks 3.3, Delsys) at 20 kHz. The sEMG was recorded and analyzed in view of current European standards. 26 Participants' necks were prepared for electrode placement by cleaning the neck surface with an alcohol pad and ''peeling'' with tape (exfoliation) to reduce electrode-skin impedance, noise, DC voltages, and motion artifacts. The anterior neck sEMG was recorded with three Delsys 3.1 double-differential surface electrodes placed parallel to the underlying muscle fibers of the (1) thyrohyoid, omohyoid, and sternohyoid muscles, (2) cricothyroid and sternohyoid muscles, and (3) sternocleidomastoid muscle. The Delsys 3.1 double-differential surface electrodes consisted of three 10-mm long and 1-mm wide silver bars with interelectrode distances of 10 mm.
Electrode 1 was centered about 1 cm lateral to the anterior neck midline, as far superior as was possible without impeding jaw opening of the participant. Electrode 2 was centered on the gap between the cricoid and thyroid cartilages of the larynx, and centered at 1 cm lateral to the midline, contralateral to Electrode 1. Electrode 3 was centered one-third of the distance from the sternal notch of each participant to his or her mastoid process (following Ref. 27 ). See Panel B of Figure 1 for a schematic of electrode placements. A ground electrode was placed on the superior aspect of the participant's left shoulder. The sEMG signals were preamplified and filtered using Delsys Bagnoli systems set to a gain of 1000 and a band-pass filter with roll-off frequencies of 20 and 450 Hz.
Individuals with nodules underwent aerodynamic voice assessment with the Phonatory Aerodynamic System (Kay-PENTAX, Lincoln Park, NJ). The participants produced a series of /pae/ vocalizations at a comfortable pitch and loudness, while the oral airflow was measured with a face mask and pneumotachograph, intra-oral air pressure was sensed with a translabially placed catheter, and the acoustic signal was recorded with a microphone.
Data analysis
The mean of the root-mean-squared (RMS) values of anterior neck sEMG data computed in 1-second windows (no overlap) was calculated for the entire length of all completed vocal tasks using custom MATLAB (Mathworks Inc., Natick, MA) software. Intrinsic laryngeal musculature is most active during Journal of Voice, Vol. 25, No. 6, 2011 vowel initiation and cessation relative to the steady-state portion of the vowel. 28, 29 Thus, for the production of the vowels /a/ and /i/, the RMS was also calculated for 100-millisecond windows (no overlap) during the 500 milliseconds before and 300 milliseconds after vowel initiation, and during the 300 milliseconds before and 500 milliseconds after vowel termination. To compare anterior neck sEMG gathered among participants, the variability associated with neck surface electrode contact and placement was minimized by normalizing the sEMG to the MVC reference contraction (calculated as the maximum RMS in a 1-second window). It has been shown that for anterior neck musculature, the MVC reference is more reliable than submaximal reference contractions. 30 For this reason, all of the sEMG data presented here are in terms of % MVC.
The air pressure, airflow, and acoustic signals acquired during aerodynamic voice assessment were digitized and analyzed with the Phonatory Aerodynamic System to produce indirect estimates of subglottal air pressure (cm H 2 O), glottal airflow (L/s) and SPL (dB). The ratio of the SPL in dB SPL to the FIGURE 2. The anterior neck sEMG recorded from positions 1, 2, and 3, averaged in 100-ms segments during the 500 ms before and 300 ms after vowel initiation, and the 300 ms before and 500 ms after vowel termination for the vowels /a/ and /i/. The shaded area indicates ±one standard deviation from the mean of the participants with healthy normal voice. Individual data for individuals with nodules are shown. Singers are shown in the solid line, whereas nonsingers are shown in the broken line. The initial data point labeled with an ''R'' indicates sEMG at rest for reference.
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Phonatory Function in Singers and Nonsingers With Nodules subglottal air pressure was also calculated as a first order estimate of vocal efficiency. 31 To find an acoustic correlate for abruptness of attack, the acoustic rise times of the vowels /a/ and /i/ were measured by analyzing the acoustic signals similarly to the method used in Peters et al. 21 Peters et al 21 defined the rise time of the acoustic signal as the time needed for an envelope of the acoustic signal to go from 10% to 90% of the maximum amplitude. To implement this method, the RMS of the acoustic signal in 80-millisecond rectangular windows was calculated in intervals of 2.5 milliseconds (97% overlap). Because of the disordered nature of the voice signals being analyzed and the irregularity of the acoustic signals, the window size used here was modified from the method used by Peters et al 21 to be 80 milliseconds rather than 40 milliseconds, the slope initiation was defined as 20% of the maximum amplitude rather than 10%, and the slope termination was defined as 80% of the maximum amplitude rather than 90%. An example of the rise time for a vowel production is shown in Panel A of Figure 1 .
For the individuals with nodules, a representative digital still was taken from their trans-oral stroboscopy exam. Stills were chosen to maximize image quality, while showing the full extent of the vocal folds during abduction. The vocal fold stills were analyzed using custom MATLAB software that allowed for the following landmarks to be marked (in pixels): the length of each vocal fold (right and left) from the anterior commissure to and including the vocal process of the arytenoid cartilage, the distance from the center of each nodule (right and left) to the anterior commissure, and the visible extent (area) of each nodule (right and left). The marked extent of each nodule was based on the visible changes to the vocal fold surface. In some more mild cases, the area defined as the nodule consisted of only the raised protrusion above the smooth edge of the vocal fold. In more extreme cases, distinct fibrovascular changes to the vocal fold could be seen lateral to the raised surface of the nodule, and these changes were included as part of the extent of the nodule. The nodule location (anterior-posterior) for each participant was defined as the mean of the ratios of the distance from each nodule to the anterior commissure to the total length of the vocal fold. The nodule size was calculated as the mean of the two nodule extents normalized by the mean of the length of the two vocal folds. Horizontal box lines indicate the lower and upper quartiles of the data, with the centerline marking the data median. Vertical whiskers extend from the boxes to the minimum and maximum values of each data set. The asterisk marks a data observation falling more than 1.5 times the interquartile range higher than the third quartile. Minitab Statistical Software (Minitab Inc., State College, PA) was used to calculate Pearson's correlations, analysis of variance (ANOVA), Tukey simultaneous t tests, and Student's t tests. Effects showing P < 0.05 were considered statistically significant. Statistical testing of differences between singers and nonsingers with vocal nodules using Student's t tests was not adjusted for alpha inflation because of the exploratory nature of this study.
RESULTS
Mean anterior neck sEMG and acoustic rise time in all the participants The mean anterior neck sEMG at recording positions 1, 2, and 3 during the production of all vocal tasks was analyzed with a two-factor ANOVA by group and vocal task, which failed to find a statistically significant effect of group (control, singer nodules, nonsinger nodules) for any anterior neck sEMG location, but did find a statistically significant effect of vocal task (rest, /a/, /i/, high /a/, low /a/, read sentences, read paragraph, and spontaneous speech) for all the three recording locations (EMG1; EMG2; EMG3). The mean anterior neck sEMG at all three recording positions tended to be lower during rest and production of the vowels /a/ and /i/, and higher during both read and spontaneous speech production.
The anterior neck sEMG recorded from positions 1, 2, and 3 was averaged in 100-millisecond segments during the 500 milliseconds before and 300 milliseconds after vowel initiation, and the 300 milliseconds before and 500 milliseconds after vowel termination. The results of this analysis are shown as a function of group and vowel (/a/ and /i/) in Figure 2 . On the basis of the trends seen in the vowel initiation, a one-factor ANOVA of the mean anterior neck sEMG at recording positions 1, 2, and 3 during the 500 milliseconds before vowel production was performed; however, it failed to find a statistically significant effect of group (control, singer nodules, nonsinger nodules) for both vowels (/a/ and /i/) and all recording positions (1, 2, and 3), with the exception of recording position 3 before the vowel /a/, which showed a statistically significant effect of group. Tukey simultaneous t tests showed a statistically significant difference between the anterior neck sEMG at recording position 3 before /a/ between the controls (mean ¼ 0.015% MVC) and nonsingers with nodules (mean ¼ 0.037% MVC) and between the singers with nodules (mean ¼ 0.015% MVC) and nonsingers with nodules. No statistically significant difference was found between controls and singers with nodules. Example traces of the raw voice and anterior neck sEMG data for one control participant and one nonsinger with nodules are shown in Figure 3 .
A one-factor ANOVA of the acoustic rise time during vowel production (/a/ and /i/) failed to find a statistically significant effect of group (control, singers with nodules, nonsingers with nodules). However, a general trend was seen in the acoustic rise time measure for both vowels, suggesting smaller rise times (more abrupt voice onset) for nonsingers with nodules relative to the singers with nodules and controls. Boxplots of the acoustic rise time measures in the three groups are shown in Figure 4 . 
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Correlations between acoustic rise time and the anterior neck sEMG at recording positions 1, 2, and 3, 500 milliseconds before vowel production are shown for all the groups in Table 1 . No statistically significant correlations were found between any of the rise time measures and anterior neck sEMG measures, and correlations were generally weak with R 2 values ranging from 0.01 to 0.11.
Airflow, dB SPL/cm H 2 O, and measures of nodule size and location in singers and nonsingers with vocal nodules Student's t tests on airflow, dB SPL/cm H 2 O, and nodule size and location did not show statistically significant (two-sided) differences between singers and nonsingers with nodules. There was a trend, however, for larger nodule size and greater airflow in nonsingers relative to singers. Boxplots of the airflow, vocal dB SPL/cm H 2 O, and nodule size and location for the two groups are shown in Figure 5 .
Correlations between measures in singers and nonsingers with vocal nodules
Correlations among vowel rise time measures, anterior neck sEMG before vowel production, airflow, dB SPL/cm H 2 O, nodule location, and nodule size in all the individuals with nodules (singers and nonsingers) are shown in Table 2 . Statistically significant correlations were found between a number of the anterior neck sEMG measures, and between airflow and nodule size.
Correlations among vowel rise time measures, anterior neck sEMG before vowel production, airflow, vocal dB SPL/cm H 2 O, nodule location, and nodule size were calculated separately in nonsingers and singers with nodules and are shown in Tables 3 and 4 , respectively. In nonsingers, statistically significant correlations were found between a number of the anterior neck sEMG measures, and between dB SPL/cm H 2 O and EMG3 before /a/, airflow and EMG3 before /a/, airflow and nodule size, and airflow and vocal dB SPL/cm H 2 O. In singers, statistically significant correlations were found between a number of the anterior neck sEMG measures, and between airflow and linear rise time for /i/, nodule size and EMG3 before /i/, and dB SPL/cm H 2 O and EMG3 before /a/.
DISCUSSION
Contrary to previous speculation, 7 and findings, 6 quantitative measures of nodule morphology did not differ between singers and nonsingers. However, there were differences seen between singers and nonsingers with nodules with respect to some behavioral descriptors of phonation. Specifically, short-term trends in sEMG differed between singers and nonsingers with nodules, as did the relationship between airflow and nodule size. These results suggest possible differences in compensatory behaviors between singers and nonsingers with nodules, and suggest future directions for research into sEMG measures in these populations. Nodule size and location Surprisingly, no significant differences in nodule size or location were seen between singers and nonsingers with nodules (see Figure 5 ). There were, however, notable trends for nonsingers with nodules to have larger nodule size relative to singers. This trend is consistent with the work of Peppard et al 6 who found significantly larger nodules in nonsingers relative to singers (as measured with a qualitative six-point scale). Nodule location in the two groups ranged between 38% and 48% of vocal fold length (more anterior), with no obvious trend for a difference between singers and nonsingers. These findings do not support the qualitative observations of Sedlá cková 7 , who postulated that the nodules of singers were located more anteriorly than those of nonsingers.
Aerodynamic and acoustic measures
Although not significant, nonsingers tended to have greater airflow relative to singers, similar to Peppard et al 6 who found significantly higher airflow in nonsingers with nodules relative to singers with nodules. Measures of glottal airflow were consistently higher than values seen in a normal population (range ¼ 0.09-0.2 L/s) 32 ; however, most values for glottal airflow were somewhat lower than those seen previously in two individuals with nodules, who reported with airflow values of 0.41 and 0.49 L/s. 8 Measures of dB SPL/cm H 2 O can be estimated for the two individuals with nodules studied by Hillman et al 8 Although no statistically significant differences were seen among the groups in the acoustic rise times, the acoustic rise time measure for both vowels trended toward smaller values for nonsingers with nodules relative to the singers with nodules and to controls (see Figure 4) . This measure has not been previously explored in these populations. Future work with more repetitions of this measure in individuals should be performed to follow-up on the trend found here.
Anterior neck sEMG Although no differences were seen in the mean anterior neck sEMG at any of the three recording positions during the entire extent of all vocal tasks, some interesting trends were noted during the shorter time scale surrounding vowel initiation and termination. These trends were observed in the anterior neck sEMG activity at all three recording locations (see Figure 2 ), indicating that perhaps some nonsingers with nodules are recruiting neck musculature during vowel production to a greater degree than controls. However, only the anterior neck sEMG at recording position 3 before the vowel /a/ showed a statistically significant effect of group, with nonsingers with nodules showing higher anterior neck sEMG than controls and singers with nodules. Thus, RMS sEMG measures did not show specificity for the presence of nodules in singers or nonsingers, which is consistent with the large degree of variability seen here in both individuals with nodules and controls (cf. Figure 2) . 
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Our sEMG results are inconsistent with those of Redenbaugh and Reich. 22 Their study examined seven individuals with hyperfunctionally related voice disorders (two individuals with vocal contact ulcers, two individuals with vocal nodules, and three individuals with vocal fold erythema) relative to seven controls, finding increased normalized anterior neck sEMG during speech in individuals with vocal hyperfunction relative to controls. 22 Apart from the previous issues regarding outdated methodology raised in the introduction, our only explanation for this discrepancy is a difference in the methodology used during the elicitation of MVC used for normalization. Here, each participant was asked to provide two to three maximum contractions lasting 2-3 seconds each. The maximum RMS sEMG for any 1-second window was used for sEMG normalization. Redenbaugh and Reich 22 elicted the MVC by having participants exert a ''maximal'' force over 15 seconds, the mean of which was used for normalization. This methodology should result in lowered MVC values, but the degree to which a 15-second ''maximal'' task could differentially affect a disordered group relative to controls is unknown.
Correlations among measures
Correlations among vowel rise time measures, anterior neck sEMG before vowel production, airflow, dB SPL/cm H 2 O, nodule location, and nodule size in all individuals with nodules (singers and nonsingers) showed significant correlations between anterior neck sEMG measures, and also between airflow and nodule size. The correlations among anterior neck sEMG measures indicate that individuals who use extrinsic laryngeal musculature and sternocleidomastoid (SCM) before voicing tend to do so nonspecifically. Their tendency appears to be to use muscles beneath all of the recording locations during voicing, rather than just particular areas. The significant correlation between airflow and nodule size (R ¼ 0.62) is consistent with the previous finding of Peppard et al, 6 that airflow values were significantly correlated with subjective ratings of nodule mass viewed during endoscopy (R ¼ 0.45).
When correlations among measures were examined separately in nonsingers and singers, there were a few interesting differences. In nonsingers, the anterior neck sEMG at electrode 3 (SCM) before the vowel /a/ was significantly correlated with dB SPL/cm H 2 O (R ¼ 0.82) and airflow (R ¼ À0.94). Further, airflow was significantly correlated with nodule size (R ¼ 0.71) and dB SPL/cm H 2 O (R ¼ À0.79). One interpretation of this set of correlations is that in nonsingers, there is less efficient compensation for glottal insufficiency. Specifically, nonsingers show a high positive correlation between airflow and nodule size, indicating that the size of the nodule is a major factor in glottal closure. Further, airflow is negatively correlated with dB SPL/cm H 2 O, suggesting that nonsingers may be using increasingly inappropriately high subglottal pressures to achieve conversational SPLs in cases of increased airflow. The fact that the anterior neck sEMG at electrode 3 (SCM) before the vowel /a/ was significantly correlated with dB SPL/ cm H 2 O (R ¼ 0.82) and airflow (R ¼ À0.94) suggests that less vocally impaired individuals may use more anterior neck sEMG before production of /a/. Without further study, it is Journal of Voice, Vol. 25, No. 6, 2011 difficult to predict whether this is a result of compensatory techniques or causative behaviors. In singers, significant correlations were found between the anterior neck sEMG at electrode 3 (SCM) before the vowel /i/ and nodule size, sEMG at electrode 3 (SCM) before the vowels /a/ and /i/ and dB SPL/cm H 2 O, and airflow and the linear rise time for /i/. Some of the differences in correlations between singers and nonsingers indicate that there may be more efficient compensation for glottal insufficiency in singers. Specifically, unlike nonsingers, singers showed no significant correlation between airflow and nodule size. Interestingly, a significant correlation was seen between sEMG at electrode 3 (SCM) before the vowels /a/ and /i/ with dB SPL/cm H 2 O (R ¼ À0.67 and R ¼ À0.75, respectively), possibly suggesting that individuals with decreased dB SPL/cm H 2 O are using increased SCM, contrary to the pattern seen in nonsingers. Further, the sEMG at electrode 3 (SCM) during the vowel /i/ was significantly correlated with nodule size (R ¼ 0.78), suggesting that individuals with larger nodules were more likely to attempt to compensate with the SCM. Another interesting correlation seen in singers (and not in nonsingers) was the significant correlation between the linear rise time before the vowel /i/ and airflow (R ¼ 0.75). This correlation suggests that singers who use ''soft'' or ''easy'' onset (associated with large rise times) may adapt a learned breathy style during sustained phonation, leading to increased steady-state airflow values.
One further factor that could affect correlations in singers with nodules is their typical style of singing. While singing, the classical or operatic style is associated with lower subglottal pressures and a lower closed quotient than is the musical theater style. 33, 34 Assuming that these singing tendencies carry over into speech, they could affect some of the correlations noted in this group. Most obviously, style of singing offers an alternative explanation for the lack of correlation in singers between airflow and size of nodules. Many of the singers with nodules who were musical theater singers presented with the largest nodules. Given that musical theater singers typically phonate with a higher closed quotient during singing (thereby reducing flow), this underlying relationship could have offset the expected correspondence between airflow and size of nodules, and could explain the lack of correlation between the two seen here in singers.
CONCLUSIONS
Nodule morphology did not differ between singers and nonsingers, although some behavioral aspects of phonation differed between the groups. Specifically, no significant differences in airflow, dB SPL/cm H 2 O, nodule size, or nodule location were seen between singers and nonsingers with nodules. Correlations among vowel rise time measures, anterior neck sEMG before vowel production, airflow, dB SPL/cm H 2 O, nodule location, and nodule size in all individuals with nodules (singers and nonsingers) showed significant correlations between anterior neck sEMG measures, and also between airflow and nodule size. When correlations among measures were examined separately in nonsingers and singers, some differences were seen.
Some of the differences in correlations between singers and nonsingers indicate that there may be more efficient compensation for glottal insufficiency in singers. In singers, no significant correlation was seen between airflow and nodule size, whereas nonsingers showed a high correlation between airflow and nodule size (R ¼ 0.71), indicating that the size of the nodule was a major factor in glottal closure.
Overall, anterior neck sEMG during vocal tasks and acoustic rise time measures did not differentiate singers or nonsingers with nodules from healthy controls, indicating that neither of these objective measures show specificity for the presence of nodules in singers or nonsingers. However, these objective measures could be useful for assessing inappropriate phonatory behaviors noted in some individuals with nodules. Future work should be performed to assess the utility of biofeedback based on these measures over the course of voice therapy through rehabilitation.
